The apparent sensitivities of several bacterial pathogens to tetracyclines varied by up to 128-fold with the medium content of Fe, but not of other metals. The effect of Fe was independent of superoxide dismutase activity and of intracellular Fe, but accumulation of tetracyclines was blocked in high-Fe medium. Thus, synergistic suppression of bacterial growth in the presence of a low Fe concentration and tetracyclines arises because of elevated antibiotic accumulation.
The tetracyclines (TCs) are broad-spectrum bacteriostatic antibiotics that inhibit the binding of aminoacyl-tRNA to the ribosomal A site, blocking protein synthesis (8) . Environmental parameters may modulate the activity of the TCs. For example, MICs are influenced by pH, oxygen concentration, and external cations (1, 11, 16, 19, 21, 23) . Such factors are an important consideration when predicting MICs for bacteria isolated from human infections: laboratory-derived MICs may not faithfully reflect antibiotic concentrations that will be effective in vivo. There have been almost no studies to explore the mechanisms by which certain external parameters affect the activity of TCs.
It has been established recently that Cu,Zn-superoxide dismutase (Sod1p)-defective mutants of the yeast Saccharomyces cerevisiae are susceptible to oxytetracycline (OTC) via a mechanism that is dependent on oxidative damage (2, 3, 5) . This susceptibility could be suppressed with Cu in a Sod1p-independent manner (2) . We initiated the present work to investigate whether similar effects occur in prokaryotic cells that are normally sensitive to TCs.
To test whether the sensitivity of Escherichia coli to TCs is copper dependent, the MICs of OTC and TC against E. coli were determined at a range of Cu(NO 3 ) 2 concentrations by the agar dilution method (17) . The MICs (ϳ4 g ml Ϫ1 for both antibiotics) were unaffected at up to 3 mM Cu, the highest Cu concentration tested (data not shown).
Since OTC can promote oxidative stress (3) and Cu is a Fenton catalyst, we also tested whether Fe influences the sensitivity of E. coli to TCs. The MICs of TC, OTC, and minocycline (MC) were increased markedly by increasing concentrations of FeSO 4 in the medium (Fig. 1 ). Thus, 25 M FeSO 4 rescued E. coli growth at 4 g of OTC ml Ϫ1 and the MIC was increased to 64 g ml Ϫ1 at 400 M Fe and to 128 g ml Ϫ1 at 1.6 mM Fe (Fig. 1A) . The effect of Fe supplementation on the MICs of TC and MC was less marked than for OTC. Nevertheless, eightfold higher TC and MC concentrations were required to inhibit E. coli growth at 1.6 mM Fe than in Feunsupplemented Luria-Bertani (LB) medium (Յ3 M Fe) ( Fig. 1A) . In medium supplemented with the Fe chelator fer-rozine (0.5 mM), the MIC of OTC was lowered to 1 g ml Ϫ1 (giving a 128-fold full-range variation in the MIC of OTC in this study) and the MIC of TC was lowered to 2 g ml Ϫ1 (data not shown). Furthermore, ferrozine at 0.5 mM reversed the protective effect of 25 M FeSO 4 against OTC, and protection with 100 M FeSO 4 was reversed at 2.5 mM ferrozine. The effects were relatively specific for Fe, since elevated concentrations of the metal salts CaSO 4 and MnSO 4 had no discernible effect on OTC activity, while a higher concentration of MgSO 4 (100 M) than of FeSO 4 (25 M) was required to alter the MIC of OTC (data not shown). MgSO 4 supplied at up to 0.5 mM did not affect protection by Fe against OTC, even at the lowest Fe concentrations that afforded protection. The antagonism of OTC activity by Fe was also evident in the alternative bacterial pathogen Pseudomonas aeruginosa and particularly in Staphylococcus aureus; for the latter, the OTC sensitivity and Fe-dependent MIC were similar to those for E. coli (Fig. 1B) . These results are of particular interest since Fe can be critical for the survival and growth of pathogenic bacteria in mammalian hosts (6) . Furthermore, the effect of Fe here was considerably more marked than the about fivefold MIC variation seen in some previous studies of antagonism between Fe and TCs in other microorganisms (11, 19) .
Since superoxide dismutase activity is required for eukaryotic insusceptibility to OTC (3), we hypothesized that any effects of Fe supply on the activity of E. coli Fe superoxide dismutase (encoded by sodB) could explain the above results. However, we found that the MICs for an E. coli sodB⌬ single mutant (QC773) and a sodA⌬ sodB⌬ sodC⌬ triple mutant (QC2663) (7) were the same as for wild-type E. coli (data not shown). Furthermore, a fur⌬ mutant (QC1732) was not af-fected for OTC sensitivity; fur mutants exhibit diminished sodB expression and are pro-oxidant sensitive (10, 22) . These results, together with the fact that Cu did not affect MICs (above), indicate that bacteria are not affected by the oxidative mode of OTC action (3).
Miles and Maskell (15) originally suggested that intracellular Fe chelation by TCs might suppress bacterial growth because of Fe limitation. This suggestion has been taken up elsewhere (11, 19) but has not been rigorously tested. Therefore, we determined the MICs for E. coli mutants defective in ferrous iron uptake (QC2130 [feoB⌬ mutant]) and siderophore-mediated ferric iron uptake (H2300 [tonB⌬ mutant]) versus those for their isogenic wild types; these mutants exhibit diminished Fe contents under aerobic conditions (22) . The MICs of OTC and TC for the mutants (4 g ml Ϫ1 ) were the same as in wild-type cells, indicating that sensitivity to these antibiotics is not influenced by intracellular Fe content. This conclusion was further supported by the absence of an MIC effect arising from fur deletion (above), as fur (ferric uptake regulation protein) mutants also accumulate high intracellular Fe concentrations (22) . Thus, external Fe rather than internal Fe antagonizes the antibacterial activity of TCs.
To test whether the effect of Fe on sensitivity to TCs, particularly OTC (Fig. 1) , could be due to inhibition of antibiotic uptake, we exploited the availability of convenient OTC assays (9, 12) to examine OTC accumulation. Fluorescence due to the antibiotic (9) was readily observable in cells incubated for 15 min with 64 g of OTC ml Ϫ1 (Fig. 2C) ; this relatively high OTC concentration was necessary to give a detectable level of short-term OTC uptake. Cu(NO 3 ) 2 in the medium had no effect on OTC accumulation (Fig. 2D) . In contrast, fluorescence due to OTC accumulation could not be detected when the medium was supplemented with FeSO 4 (at FeSO 4 /OTC Samples were removed at intervals, and cells were separated by filtration. Supernatants were retained at 4°C until analysis. OTC in the supernatants was determined spectrophotometrically (3, 12) . Cellular OTC accumulation was calculated by subtraction from OTC determinations for control incubations lacking cells. The points are means of three replicate determinations from each of two independent experiments Ϯ the standard errors of the means where these exceed the dimensions of the symbols.
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NOTES 1893 on August 28, 2017 by guest http://aac.asm.org/ ratios comparable to those depicted in Fig. 1) (Fig. 2E ). Results for only E. coli are presented in Fig. 2 , but essentially the same results were obtained for S. aureus and P. aeruginosa. The E. coli feoB, tonB, and fur mutants exhibited OTC fluorescence similar to that of the wild type (results not shown), indicating that the effect of external Fe could not be attributed to an incidental effect of Fe on the fluorescence properties of OTC. Moreover, we validated the above findings with a quantitative spectrophotometric assay of OTC (3, 12) . OTC uptake in non-Fe-supplemented medium continued up to 60 min, giving ϳ13 g of OTC 10 9 cells Ϫ1 (Fig. 3) . OTC accumulation was strongly inhibited in the presence of Fe, and after 60 min under these conditions, the cellular OTC content was Ͻ10% of that observed in the absence of added Fe (Fig. 3) . These results, in conjunction with the conclusion (above) that the effects of Fe on TC activity are independent of intracellular Fe, indicate that the Fe dependency of OTC activity arises because of alteration of OTC accumulation. TCs are thought to pass through outer membrane porins OmpC and OmpF of E. coli in a complexed form with a divalent cation (usually [OTC-Mg] ϩ ) (20, 21) . The chelate is likely to dissociate in the periplasm, yielding uncharged antibiotic, which can diffuse through lipid bilayers and accumulate intracellularly. High Mg concentrations and a high pH would tend to block dissociation of the chelate in the periplasm, thereby inhibiting diffusion across the cytoplasmic membrane (18) . Thus, TC accumulation was inhibited by ϳ2.5-fold when MgSO 4 in the medium was increased from 0 to 9 mM (23). The much greater inhibitory effect of Fe on accumulation described here is likely to relate at least in part to the much higher affinities for TCs of Fe 2ϩ and particularly Fe 3ϩ than Mg 2ϩ (14) ; note that although Fe was supplied in ferrous form here, Fe(II) is oxidized with time to Fe(III) under aerobic conditions such as those used in our experiments. It is also possible that an [OTC-Fe] 2ϩ complex may be less permeant through the outer membrane porins of E. coli than [OTC-Mg] ϩ . The reason for the greater effect of Fe on OTC activity than on TC and MC activity is unclear since this does not correlate with the antibiotics' relative Fe-binding strengths (13) , although the differing polarities of OTC, TC, and MC could provide an explanation (2) .
In conclusion, the accumulation and activity of TCs in bacteria were inhibited in the presence of Fe. Such antagonism could explain why Streptomyces aureofaciens conserves TC production activity when Fe is abundant in the medium (4) . With regard to TC therapy, it is fortuitous that mammalian Fe concentrations in serum (ϳ9 to 27 M) tend to be at the lower end of the range that we found to be particularly antagonistic, particularly considering that much of the Fe in serum will already be bound to transferrin or ferritin. This study further underscores the marked dependency of TC activity on environmental parameters such as Fe, a concern that needs to be addressed also for the new generation of TCs, the glycylcyclines (8) .
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